Reactive oxygen species (ROS) originating from the NADPH oxidases AtrbohD and AtrbohF play an important role in abscisic acid (ABA)-inhibited primary root growth in Arabidopsis. However, the mechanisms underlying this process remain elusive. In this study, the double mutant atrbohD1/F1 and atrbohD2/F2, in which both AtrbohD and AtrbohF were disrupted, were less sensitive to ABA suppression of root cell elongation than wild-type (WT) plants. Furthermore, the double mutants showed impaired ABA responses in roots, including ROS generation, cytosolic Ca 2+ increases, and activation of plasma membrane Ca 2+ -permeable channels compared with WT. Exogenous H 2 O 2 can activate the Ca 2+ currents in roots of atrbohD1/F1. In addition, exogenous application of the auxin transport inhibitor naphthylphthalamic acid effectively promoted ABA inhibition of root growth of the mutants relative to that of WT. The ABA-induced decreases in auxin sensitivity of the root tips were more pronounced in WT than in atrbohD1/F1. These findings suggest that both AtrbohD and AtrbohF are essential for ABA-promoted ROS production in roots. ROS activate Ca 2+ signalling and reduce auxin sensitivity of roots, thus positively regulating ABA-inhibited primary root growth in Arabidopsis.
Introduction
In plants, the phytohormone abscisic acid (ABA) plays pivotal roles in stomatal control and in responses to various stresses. It also regulates plant growth and development including root growth (Zeevaart and Creelman, 1988; Chen et al., 2006; Fujii et al., 2007; Bai et al., 2009) . Both positive and negative effects of exogenous ABA on primary root growth have been demonstrated, typically depending on ABA concentrations and environmental conditions (Zeevaart and Creelman, 1988; Sharp et al., 2004) . Studies with ABA-deficient mutants indicate that ABA is also crucial for maintenance of root growth under water-stressed or normal growth conditions (Cheng et al., 2002; Sharp et al., 2004) . Although ABA at a high level has long been recognized as an inhibitor of primary root growth, knowledge about the underlying mechanisms is incomplete. Evidence indicates that kinases positively, but phosphatases, negatively modulate the responses to ABA-mediated primary root growth. The Arabidopsis double mutant snrk2.2/snrk2.3, in which two protein kinase genes SNF1-RELATED PROTEIN KINASE2.2 (SnRK2.2) and SnRK2.3 are disrupted, displays strong ABA-insensitive phenotypes in terms of root growth inhibition (Fujii et al., 2007) . Likewise, SnRK2.6, also known as OST1 (Open stomata 1), confers ABA hypersensitivity during root growth in Arabidopsis (Zheng et al., 2010) . Zhu et al. (2007) reported that two calcium-dependent protein kinases (CPKs), CPK4 and CPK11, positively regulate ABA-inhibited root growth in Arabidopsis. Double and triple mutants impaired in protein phosphatase type 2C (PP2Cs) genes PP2CA, HAB1, ABI1, or/and ABI2 exhibit more sensitive phenotypes to ABA-inhibited root growth compared with Arabidopsis wild-type (WT) plants (Rubio et al., 2009) . In addition, the basic leucine zipper transcription factor ABI5 (ABAinsensitive 5) positively affects, but the nuclear protein X1, the heterotrimeric G protein Gα subunit, the Gβ subunit, and the candidate G-protein-coupled receptor negatively affect, ABA-inhibited primary root growth in Arabidopsis (LopezMolina et al., 2001; Pandey et al., 2006; Kim et al., 2009) . Xu et al. (2010) demonstrated that ABA inhibition of primary root growth is mediated, at least partly, by the ABA-induced regulation of expression of cell cycle B-type cyclin CYCB1 at the G2/M checkpoint. Recently, Bai et al. (2009) reported that proline-rich extensin-like receptor kinase 4 (PERK4) is required for ABA-suppressed root growth in Arabidopsis and that the PERK4 inhibits root elongation mainly by enhancing cytosolic free Ca 2+ concentration and Ca 2+ currents. Ca 2+ is a central component in ABA signal transduction pathway in plants. ABA can activate hyperpolarizationinduced Ca 2+ -permeable channels in maize roots (White et al., 2002) . ABA-regulated root development relies on Ca 2+ levels in rice and Arabidopsis Bai et al., 2009) . These results suggest that Ca 2+ may play a more general role in ABA-affected root growth in plants.
Auxin plays a central role in regulating primary root growth in plants (Petricka et al., 2012) . It acts antagonistically to ABA and induces the degradation of DELLA proteins that suppress gibberellic acid signalling involved in promoting root elongation, while ABA restrains DELLA proteins, thus inhibiting root growth in Arabidopsis (Achard et al., 2006; Petricka et al., 2012) . Wang et al. (2011) reported that the auxin response factor 2 negatively, and its inhibited homeodomain protein HB33 positively, regulate ABA-repressed root growth in Arabidopsis. Recently, He et al. (2012) found that ABA inhibits primary root growth through reducing auxin levels in abo6, an ABA overly sensitive mutant of Arabidopsis.
Reactive oxygen species (ROS) such as the superoxide radical and hydrogen peroxide (H 2 O 2 ) serve as signalling molecules to regulate many biological processes including root growth in plants (Kwak et al., 2006; Dunand et al., 2007) . They are also involved in ABA-regulated primary root growth (Kwak et al., 2006; He et al., 2012) . Kwak et al. (2003) reported that disruptions in AtrbohD and AtrbohF, which encode two ROS-generating NADPH oxidases, impair ABA inhibition of primary root elongation in Arabidopsis. However, the detailed mechanisms underlying this effect are unclear. ROS can modulate root growth by degrading or oxidizing auxin in plant cells (Gazarian et al., 1998) . They can also control root elongation by loosening cell walls (Liszkay et al., 2004) . He et al. (2012) demonstrated that ROS originating from mitochondria confer ABA sensitivity to root growth through reducing auxin levels in Arabidopsis. In plants, the actions of ROS are closely related to Ca 2+ signalling. ROS activation of Ca 2+ channels has been established as a major mechanism in ABA signalling in guard cells (Kwak et al., 2006) . However, it is unknown whether ROS function in ABA-inhibited primary root growth through regulating Ca 2+ channel activity and/or auxin sensitivity of roots.
Here, the mechanisms of ROS in ABA-suppressed primary root growth in Arabidopsis were investigated in detail using the null double mutants of AtrbohD and AtrbohF. The results imply that AtrbohD and AtrbohF contribute to ABAinduced generation of ROS in roots. The ROSs affect cytosolic Ca 2+ levels and auxin sensitivity of roots, thus positively regulating ABA-inhibited primary root growth.
Materials and methods

Plant materials
Seeds of Arabidopsis WT (Col-0), the NADPH oxidase gene single mutants atrbohD1 (SALK_120299) and atrbohF1 (SALK_034674), the double mutants atrbohD1/F1 and atrbohD2/F2 (CS9558) (Ma et al., 2012) , and other lines were surface-sterilized with 0.1% HgCl 2 for 5 min, washed five times with sterile water, and sown on solid Murashige-Skoog (MS) medium containing 3% (w/v) sucrose. After stratification at 4 °C for 48 h, the seeds were germinated, and the seedlings were grown in a growth chamber (16/8 light dark cycle, 21/18 °C, light intensity of approx. 100 μmol m -2 s -1 , and approx. 70% relative humidity).
Phenotype analysis, statistics, and confocal microscopy Six-day-old WT and mutant seedlings grown vertically on solid MS medium were transferred to MS media supplemented with different concentrations of ABA, CaCl 2 , ethylene glycol-bis (2-aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA), LaCl 3 , naphthylphthalamic acid (NPA), or other treatments as indicated in the figure legends, and grown vertically for another 3 d. The seedlings were photographed, and the length of the primary root was measured. All of the reagents described above were purchased from Sigma.
For analysis of the fluorescence from probe N-(3-triethylammoniumpropyl)-4-(p-diethylaminophenyl-hexatrienyl) pyridinium dibromide (FM4-64), seedling roots were stained with FM4-64 (Molecular Probes, Eugene, OR, USA) according to the method described by Mei et al. (2012) . Seedlings were incubated with 5 μM FM4-64 for 2-3 min at approx. 25 °C in the dark and then washed three times with ddH 2 O. The roots were then imaged under a confocal microscope (Olympus FV 1000; excitation 488 nm, emission 570-650 nm). The lengths of the elongation zone and the meristem zone in roots, the epidermal cell size, and the cell number in the root elongation region in WT and mutant seedlings were determined after staining with FM4-64 under a confocal microscope.
Quantitative real-time PCR analysis
Arabidopsis WT seedlings (9 days old) were transferred onto solid MS medium containing 100 μM ABA for 0, 5, or 10 h. Total RNA extraction from the seedling roots and the cDNA synthesis were performed as described by Ma et al. (2012) . Quantitative real-time PCR experiments were carried out using gene-specific primers (Supplementary Table S1 , available at JXB online), SYBR Premix Ex Taq reagents (Takara; www.takara-bio.eu), and a MX3005P realtime PCR system (Stratagene, Santa Clara, CA, USA). Actin2 was used as the internal control.
Determination of root H 2 O 2 using a fluorescent probe H 2 O 2 accumulation in roots was assayed using 2,7-dichlorodihydrofluorescein diacetate (H2DCF, Molecular Probes) after Ma et al. (2012) . Roots of 6-day-old seedlings were loaded with 30 μM H2DCF for 10-15 min, and monitored under a confocal microscope (Olympus FV 1000, excitation 488 nm and emission 500-550 nm).
Ca
2+ measurements of seedling roots by aequorin bioluminescence Ca 2+ levels in roots were measured by aequorin luminescence according to the method of Ma et al. (2012) . Roots from 9-day-old seedlings were cut and incubated in 2.5 μM coelenterazine (Promega) or coelenterazine combined with CaCl 2 , EGTA, or LaCl 3 overnight. Then, one of the roots was washed and placed in a cuvette with 100 μl distilled water for 3-5 min in the dark, and then the cuvette was placed inside a TD20/20n digital luminometer. Luminescence was recorded.
Patch clamp analyses
Arabidopsis root cortical cell protoplasts from the elongation zone but not from the meristem zone were isolated. The protoplasts from the elongation zone are relatively big (15-20 μm in diameter), bright, and transparent with thin cytoplasm and big vacuoles compared with those from the meristem zone. Recordings of the whole-cell inward Ca 2+ currents of the protoplasts were carried out as described by Ma et al. (2012) . The currents were recorded with an EPC-9 amplifier (Heka Instruments, www.heka.com). After formation of the whole-cell configuration, the Ca 2+ currents were recorded 15 min before and after treatments with 50 μM ABA or 1 mM H 2 O 2 . The junction potentials in the experimental conditions were 25 ± 3 mV (n ≥ 20), and were automatically corrected during the experimental operations. Pipettes were pulled with a vertical puller (Narishige) modified for two-stage pulls. Whole-cell data were low-pass filtered with a cut-off frequency of 2.9 kHz and analysed with the software PULSE, PULSEFIT8.3, and ORIGIN 8.0 software.
Auxin response assay
The null mutant of atrbohD1/F1 containing DR5rev:GFP was obtained by crossing DR5rev:GFP transgenic WT plants with atrbohD1/F1, screening their F 2 progeny population for the homozygous atrbohD1/F1, and measuring GFP fluorescence in roots under a confocal microscope.
Six-day-old seedlings of WT and atrbohD1/F1 with DR5rev:GFP vertically grown on MS medium were transferred to ABA-free or ABA-containing MS media for another 3 d. The root GFP fluorescence was monitored under a confocal microscope.
Statistical analysis
At least three independent experiments were performed. Data shown are means ± SE. Statistical analyses were performed by oneway ANOVA and Tukey's honestly significant difference test (Tukey HSD test) (P < 0.05) to assess the differences between WT and the mutant lines within each treatment.
Results
AtrbohD and AtrbohF negatively modulate ABAblocked root growth in the elongation zone, but not the meristem zone
To dissect further the mechanisms of AtrbohD and AtrbohF function in ABA-repressed root growth in Arabidopsis, the increased length of primary roots of WT and the mutants of the two genes grown on solid MS media supplied with different concentrations of ABA was measured. ABA significantly inhibited root growth of WT in a dose-dependent manner. However, the inhibitory effects of ABA on root growth of mutants atrbohD1, atrbohF1, and especially of atrbohD1/F1 and atrbohD2/F2 were clearly decreased ( Supplementary Fig.  S1 ). These data indicate that both AtrbohD and AtrbohF are essential for ABA-suppressed primary root growth in Arabidopsis, consistent with the results reported by Kwak et al. (2003) .
Next, the roots of WT and the mutant seedlings were observed under a confocal microscope after staining with FM4-64. The root-growth phenotype of WT was similar to that of the single and double mutants on ABA-free MS medium. However, after growth on ABA-containing MS medium for 3 d, WT plants had a dramatically shortened root elongation region and swollen, crowded root hairs near the root tips compared with the mutants. Notably, the double mutants had the longest elongation zone of all the plants, and their root hairs were distributed furthest from the root tips (Fig. 1A) . The length of the root elongation zone in WT did not markedly differ from that in the single and double mutants in the absence of ABA, but in the presence of 50 μM ABA, the size of the root elongation region of WT plants was approximately one-third that of the double mutants (Fig. 1B) . These results indicate that ABA dominantly suppresses the enlargement of the elongation zone in roots of WT relative to the mutants.
In addition to cell elongation in the elongation zone, cell division in the root meristem zone also contributes to root growth. Therefore, the size of the root apical meristem was determined. The length of the meristem region in WT was similar to those of the mutant plants in the absence or presence of ABA, implying that AtrbohD and AtrbohF are not required for ABA inhibition of cell division of the root meristem (Fig. 1C) . The difference in differentiation of columella initial cells between WT and mutants was analysed by Lugol staining. There were no significant differences among these plants with or without ABA treatments ( Supplementary Fig. S2 ).
AtrbohD and AtrbohF negatively affect cell length but not cell number in the root elongation zone in the presence of ABA
To further unravel the mechanisms of AtrbohD and AtrbohF regulation of root elongation zone, cell length and cell number in the zone were determined. No significant differences in the two parameters were detected among WT, atrbohD1, atrbohF1, atrbohD1/F1 and atrbohD2/F2 grown on ABA-free MS medium (Fig. 2) . However, the cells of the mutants were clearly longer than those of WT when grown on medium containing 50 μM ABA for 3 d. Root cells in the elongation region of atrbohD1, atrbohF1, atrbohD1/F1, and atrbohD2/F2 showed an average length of 52, 56, 68, and 66 μm, respectively, whereas that of WT was only 33 μm ( Fig. 2A) . By contrast, the cell number in the elongation region of the mutants was not significantly different from that of WT in the presence of ABA (Fig. 2B) . Together, these findings suggest that cell length but not cell number in the root elongation zone is negatively modulated by AtrbohD and AtrbohF in the response to ABA.
AtrbohD and AtrbohF are upregulated by ABA in WT roots
The expression patterns of AtrbohD and AtrbohF in WT roots in response to ABA were investigated using quantitative realtime PCR. ABA treatment markedly enhanced the expressions of both genes ( Supplementary Fig. S3 ). The expression level of AtrbohD after 5 and 10 h ABA treatment was 1.8-and 4.2-fold that in the untreated control, respectively. The abundance of AtrbohF transcripts treated with ABA for 5 h and 10 h was about 5.2-and 8.7-times that in the control, respectively. These results indicate that both AtrbohD and AtrbohF are markedly upregulated by ABA in Arabidopsis roots.
Involvement of AtrbohD and AtrbohF in ABA-induced H 2 O 2 generation in roots
To examine whether AtrbohD and AtrbohF contributed to the ROS generation stimulated by ABA, H 2 O 2 production was measured using the fluorescence probe H2DCF. The relative fluorescence intensities of the primary roots were stronger in WT than in atrbohD1 and atrbohF1 and much stronger in WT than in atrbohD1/F1 and atrbohD2/F2 in the absence of ABA. Treatment with 50 μM ABA clearly increased the H 2 O 2 levels in the roots of WT and mutants; the magnitude of the increase in H 2 O 2 was greater in WT than in the single mutants, and much greater in WT than in the double mutants ( Supplementary Fig. S4 ). These data indicate that both AtrbohD and AtrbohF play important roles in ABA-induced ROS generation in roots.
Insensitivity of mutants to ABA-inhibited primary root growth is Ca 2+ dependent
To evaluate the roles of Ca 2+ in the ABA inhibition of root elongation mediated by AtrbohD and AtrbohF, the effects of exogenous Ca 2+ and Ca 2+ inhibitors were examined. Treatments with external Ca 2+ (40 μM) significantly increased the inhibitory effect of ABA on root growth of the mutants, especially the double mutants, relative to WT, whereas addition of Ca 2+ alone to the medium did not result in a significant difference in root growth between WT and mutants (Fig. 3) . In addition, treatments of WT and mutant seedlings with either 1 mM EGTA (a calcium ion chelator) or 100 μM LaCl 3 (a Ca 2+ channel blocker) effectively alleviated the ABA inhibition of the primary root elongation of WT, compared with the mutants (Fig. 3) . Together, these results imply that Ca 2+ contributes to the insensitivity of the mutants to ABArepressed primary root elongation. ] cyt in atrbohD1, atrbohF1, and especially in atrbohD1/F1 was significantly inhibited (Fig. 4) . Furthermore, pretreatments of the seedlings with 1 mM CaCl 2 promoted the ABA-induced increase in [Ca 2+ ] cyt , whereas treatments with 2 mM EGTA or 1 μM LaCl 3 significantly suppressed the ABA-evoked elevation of [Ca 2+ ] cyt . It is noteworthy that the maximum increases in ABA-triggered [Ca 2+ ] cyt after treatments with exogenous CaCl 2 , EGTA, or LaCl 3 in WT did not remarkably differ from the mutant lines (Fig. 4B) . These findings are in line with the results observed Fig. 3 . Effects of exogenous Ca 2+ and Ca 2+ inhibitors on ABA-suppressed primary root elongation modulated by AtrbohD and AtrbohF. Six-day-old seedlings were transferred to MS medium (control), or MS medium containing 50 μM ABA (ABA), 40 mM CaCl 2 (Ca 2+ ), 1 mM EGTA (EGTA), or 100 μM LaCl 3 (LaCl 3 ), or transferred to MS medium containing 50 μM ABA combined with 40 mM CaCl 2 , 1 mM EGTA, or 100 μM LaCl 3 for another 3 d. Data are mean ± SE (n ≥ 20). Different lowercase letters indicate values from the seedling lines significantly differ from each other within each treatment by one-way ANOVA and Tukey HSD test (P < 0.05).
ABA-induced increases in cytosolic Ca
Fig. 4. Effects of ABA on changes in cytosolic Ca
2+ levels in roots measured using the aequorin-emitted luminescence method. (A) Changes in Ca 2+ levels over time in 9-day-old WT and mutant seedling roots after treatment with 50 μM ABA. (B) The seedling roots were pretreated with 1 mM CaCl 2 , 2 mM EGTA, or 1 mM LaCl 3 overnight. Increased Ca 2+ concentrations in the seedling roots induced by ABA are shown. ABA was added 20 s after measurements started. Data are mean ± SE (n ≥ 20). Different lowercase letters indicate values from the seedling lines significantly differ from each other within each treatment by one-way ANOVA and Tukey HSD test (P < 0.05) (this figure is available in colour at JXB online).
in Fig. 3 , indicating that AtrbohD and AtrbohF participate in ABA-triggered increases in [Ca 2+ ] cyt in Arabidopsis roots.
Loss of function of AtrbohD and AtrbohF abolishes ABA but not H 2 O 2 activation of plasma membrane Ca
2+ -permeable channels in root cells
To determine whether AtrbohD and AtrbohF function in activating Ca 2+ currents induced by ABA, Ca 2+ influx conductances in protoplasts only from the root elongation zone in WT and atrbohD1/F1 were measured using a patch-clamp technique, because the insensitivity of the double mutant to ABA inhibition of root growth was due to changes in length of the elongation region rather than those of the meristem region (Fig. 1) . The background currents in the protoplasts either from WT or atrbohD1/F1 were quite small in the absence of ABA. Treatment with ABA (50 μM) markedly increased the influx currents in root cells from both WT and atrbohD1/F1 seedlings (Fig. 5A, B) . It was noteworthy that the magnitude of the increases in currents induced by ABA was smaller in the double mutant than in WT. The maximum current values after ABA stimulation were about 3-times higher in WT than in atrbohD1/F1 (Fig. 5C ). To examine whether these influx conductances were mainly Ca 2+ currents, LaCl 3 , an effective inhibitor of Ca 2+ -permeable channels, was applied. The ABA-induced increases of the currents from WT and atrbohD1/F1 roots were significantly inhibited by 1 mM LaCl 3 , suggesting that these currents were principally mediated by Ca 2+ (Fig. 5A, B) . To further confirm that mutations in AtrbohD and AtrbohF arrested the activity of Ca 2+ -permeable channels promoted by ABA, the effects of H 2 O 2 , a product derived from the superoxide radical generated by NADPH oxidases, on changes in Ca 2+ currents in root cells were determined. Ca 2+ channels were activated by H 2 O 2 in WT and atrbohD1/F1 root cells (Fig. 5D, E) . Moreover, the magnitude of the increases in Ca 2+ currents stimulated by H 2 O 2 in WT was not significantly different from that in atrbohD1/F1 (Fig. 5F ). These results strongly suggest that ROS produced by AtrbohD and AtrbohF modulate fluctuations of root cytosolic Ca 2+ , which are required for ABA-inhibited root elongation in Arabidopsis.
Involvement of auxin in modulation of primary root growth affected by AtrbohD and AtrbohF in response to ABA
To examine if auxin participated in ABA suppression of root growth mediated by AtrbohD and AtrbohF, the effects of NPA, a widely used auxin transport inhibitor, on root growth were determined. Treatment with 1 μM NPA alone reduced the primary root growth of WT, atrbohD1, atrbohF1, atrbohD1/F1, and atrbohD2/F2. NPA had an additional effect on ABA-repressed root growth in these plants (Fig. 6) . Moreover, treatment with NPA enhanced the inhibitory effects of ABA on primary root growth of the mutants, particularly the double mutants relative to that of WT, indicating that auxin is involved in ABA-regulated root growth.
AtrbohD and AtrbohF negatively modulate auxin response in the root tip in response to ABA
Whether auxin sensitivity in the root tip differed between WT and atrbohD1/F1 seedlings was assayed using transgenic lines expressing the auxin-responsive marker gene DR5rev:GFP (Pan et al., 2009) . The GFP fluorescence in the primary root tip of transgenic lines in the WT background was slightly weaker than that in the atrbohD1/F1 background under normal growth conditions (Fig. 7A ). After these seedlings were exposed to 50 μM ABA for 3 d, the intensity of GFP fluorescence markedly decreased in all plants. Of note, the magnitude of the decrease in relative fluorescence intensity in roots was greater in the WT background than in the atrbohD1/F1 background (Fig. 7B) . These results suggest that AtrbohD and AtrbohF negatively affect auxin response in the root tip in the presence of ABA.
Discussion
This report shows that ROS generated by AtrbohD and AtrbohF are required for ABA inhibition of root cell elongation in Arabidopsis. The ROS activate the plasma membrane-permeable influx Ca 2+ channels and reduce auxin sensitivity, thus promoting ABA-inhibited root growth. These findings suggest that ROS-mediated increases in cytosolic Ca 2+ and decreases in auxin levels may be the primary mechanisms for ABA-blocked root growth and that AtrbohD and AtrbohF play essential roles in these processes.
In Arabidopsis, 10 NADPH-oxidase catalytic subunit genes (AtrbohA-J) are found in the genome (Marino et al., 2012) . AtrbohB plays roles in seed after ripening (Müller et al., 2009) . AtrbohC is involved in modulating root hair growth, ABAaffected root growth, and cellular integrity (Foreman et al., 2003; Bai et al., 2007; Macpherson et al., 2008) . In tomato, NADPH oxidase controls shoot branching and reproductive organ development (Sagi et al., 2004) . NADPH oxidase in tobacco is required for pollen tube growth (Potocký et al., 2007) . In maize, ROS derived from NADPH oxidase is necessary for normal root growth (Liszkay et al., 2004) . These findings, combined with the results showing the importance of AtrbohD and AtrbohF in ABA-inhibited primary root elongation, strongly suggest that NADPH oxidase is a very important rate-limiting factor in regulation of plant growth and development.
The expression of AtrbohD and AtrbohF was markedly upregulated in WT roots in response to ABA ( Supplementary  Fig. S3 ). Moreover, mutations in AtrbohD and AtrbohF significantly arrested the increase in H 2 O 2 levels in roots after ABA treatments (Supplementary Fig. S4 ). These data imply that ROS generated by AtrbohD and AtrbohF are important regulators in ABA-mediated inhibition of root growth. This study observed a background level of cellular H 2 O 2 in the atrbohD1/F1 and atrbohD2/F2 roots without ABA treatments, indicating that other cellular mechanisms may also contribute to ROS generation in Arabidopsis roots (Marino et al., 2012) . The current results do not exclude the possibility that other NADPH oxidase subunits may be involved in the ABA response in roots. Ca 2+ acts downstream of AtrbohD and AtrbohF and mediates ABA signalling in guard cells (Kwak et al., 2003) . It also functions downstream of AtrbohC in regulating root hair growth in Arabidopsis (Foreman et al., 2003) and plays roles in NADPH oxidase-mediated modulation of pollen tube in tobacco (Potocký et al., 2007) . In the present study, the results showed that Ca 2+ plays pivotal roles in ABA inhibition of root growth in Arabidopsis. These results suggest that Ca 2+ is a central mediator of NADPH oxidase during growth and development and especially in response to ABA in plants. In the presence of ABA, the elevation of Ca 2+ concentrations only in whole roots, but not in the root elongation zone or root meristem zone, was monitored because of the technological limitation of measuring Ca 2+ levels (Fig. 4) . Whether the fluctuation of Ca 2+ concentrations in the root meristem zone is involved in ABA-inhibited root growth in Arabidopsis remains to be determined.
It is well known that hyperpolarization-activation of plasma membrane Ca 2+ -permeable channels governed by AtrbohD and AtrbohF contribute to the increase in [Ca 2+ ] cyt in ABA-induced stomatal closure in Arabidopsis (Kwak et al., 2003) . The current results reveal that a similar mechanism for the activation of Ca 2+ currents by AtrbohD and AtrbohF also exists in ABA signalling in Arabidopsis roots. These findings hint that ROS-induced elevation of Ca 2+ currents is a main mechanism in response to ABA, not only in guard cells but also in roots. Consistent with these results, Bai et al. (2009) reported that PERK4-mediated suppression of root growth by ABA is attributed to the activation of hyperpolarization-triggered Ca 2+ -permeable channels in Arabidopsis roots, suggesting that the kinase is another important regulator of Ca 2+ in ABA signalling in roots. There is evidence indicating that phosphorylation is very important for activation of NADPH oxidases in plants. AtrbohF can be phosphorylated by OST1 (Sirichandra et al., 2009) . Potato NADPH oxidases can also be phosphorylated by two CPKs (StCDPK4 and StCDPK5) (Kobayashi et al., 2007) . Moreover, the kinases SnRK2.2, SnRK2.3, and OST1, and the PP2C phosphatases HAB1, ABI1, and ABI2 are shown to modulate plant responses to ABA during root growth (Fujii et al., 2007; Zheng et al., 2010) . OST1 and ABI1 regulate ROS generation in response to ABA in guard cells (Kwak et al., 2006) . Together, these results suggest that kinases and phosphatases, for example PERK4, OST1, and PP2Cs, may act upstream of AtrbohD and AtrbohF to regulate ROS formation in ABA-inhibited root growth.
In guard cells, ABI1, ABI2, and HAB1 inhibit the activities of OST1 and CPKs, which mediate ABA-induced stomatal closure through Ca 2+ -dependent and/or Ca 2+ -independent pathways (Kim et al., 2010) . Likewise, the PP2Cs are negative components, and OST1 and CPKs are positive components in ABA-blocked root growth. These findings suggest that a similar mechanism for regulation of stomatal closure by PP2Cs, OST1, and CPKs may also exist in ABA-repressed root growth in Arabidopsis.
In this study, clear differences in effects of NPA on root growth and in changes of DR5rev:GFP expression levels in Arabidopsis roots between WT and the double mutant atrbohD1/F1 and atrbohD2/F2 in response to ABA were observed (Fig. 6, 7) .These findings imply that ROS produced by AtrbohD and AtrbohF mediate the reduction in auxin sensitivity of roots in the presence of ABA. ROS degrade or oxidize auxin in plant cells (Gazarian et al., 1998) . They also function through altering auxin homeostasis and auxin signalling in plants (Tognetti et al., 2012) . Further research is required to clarify the exact mechanisms of ROS originating from AtrbohD and AtrbohF in regulating the actions of auxin in roots. Bashandy et al. (2010) recently reported that deficiencies in cytosolic NADPH thioredoxin reductases (NTRA and NTRB) and glutathione biosynthesis (CAD2) in ntra/ntrb/cad2 triple mutants impair auxin transport and metabolism. He et al. (2012) demonstrated that ABAmediated ROS production from mitochondria decreases auxin content and confers ABA sensitivity to the Arabidopsis mutant abo6 in terms of root growth, and AtrbohF is implicated in modulating ROS formation in mitochondria. Moreover, ROS generated by Lepidium sativum LesarbohB, a orthologue of AtrbohB of Arabidopsis, function in root development via regulation of auxin signalling (Müller et al., 2012) , which suggest that changes in cellular ROS levels caused by modification of glutathione contents, fluctuations of mitochondria-derived ROS, or plasma membrane-derived ROS are very important for auxin homeostasis in regulating root growth in the absence or presence of ABA, consistent with the current results. In conclusion, AtrbohD and AtrbohF play crucial roles in modulating ABA-inhibited root growth via production of ROS, which activate plasma membrane Ca 2+ currents and decrease auxin levels, thus arresting root cell elongation in Arabidopsis (Fig. 8) . These findings provide new insights into the mechanisms of ABA-modulated plasticity of root development in plants. 
